Magnetocardiographic signals, as present outside the thorax and generated by the depolarization process within the ventricles of the human heart, have been computed by using a model that incorporates the uniform double layer as the exclusive primary source. The volume conductor effects are treated by using an inhomogeneous, multicompartmental model of the thorax, based on "tailored" geometry derived from magnetic resonance imaging. The required activation function, specifying the timing of the ventricular depolarization process, was derived from an inverse procedure that uses as input data electric signals measured at the body surface. Next, the magnetic signals from the same subjects were measured. A close correspondence between computed and measured magnetic signals was observed (relative root mean square residual difference of 0.37). These results demonstrate that magnetocardiograms and electrocardiograms have a common basis and that it is unlikely that prominent sources exist that are electrically silent and yet active in the genesis of the magnetic fields associated with the depolarization process of the heart. Moreover, fresh support is implied for the usefulness of the classical uniform double layer as the electrical source model during ventricular depolarization. The contributions of the secondary sources have previously been found to be a major component of the electric signals; they are now also shown to be a major component of the magnetic signals. (Circulation Research 1990;67:1503-1509 After the first measurement of magnetic signals associated with the activation and recovery processes of the human heart,1 discussions were initiated concerning the diagnostic applicability of the observed waveforms and the possibility that these magnetocardiograms (MCGs) might be superior in that respect to electrocardiograms (ECGs). One speculation was that sources associated with these processes in the heart might be active in the genesis of the MCG but silent in the ECG. Despite the fact that researchers active in the modeling of the bioelectrical sources were rather skeptical about this speculation,2-4 the possibility could not be ruled out entirely on theoretical grounds.
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After the first measurement of magnetic signals associated with the activation and recovery processes of the human heart,1 discussions were initiated concerning the diagnostic applicability of the observed waveforms and the possibility that these magnetocardiograms (MCGs) might be superior in that respect to electrocardiograms (ECGs). One speculation was that sources associated with these processes in the heart might be active in the genesis of the MCG but silent in the ECG. Despite the fact that researchers active in the modeling of the bioelectrical sources were rather skeptical about this speculation,2-4 the possibility could not be ruled out entirely on theoretical grounds.
Over the last decade, we have perfected a model for the genesis of the ECG during the depolarization phase of the ventricles of the human heart (QRS interval).5-7 This model includes a specification of the electric sources and a description of the way in which the tissues surrounding the heart affect the electric current flow throughout the torso. These currents generate the electric potential distribution at the torso surface and contribute to the magnetic field that can be observed outside the body. The high quality of the simulations performed with this model, which is evident from the small residual error between simulated and measured ECGs in several individuals6 and with respect to the nature of the inversely computed activation sequences at the heart surface,7 has tempted us to use the same model for computing the MCG waveforms for these same individuals. The computed waveforms for one of these subjects have been previously reported. 8 Since that time, we have been able to measure the MCGs for each of the three individuals in our ECG study.
In this paper, we report on the simulation of the MCG waveforms and on the comparison of these waveforms with the measured data for each of these subjects. Since the volume currents (secondary sources) that influence the magnetic field outside the torso are the same as those that influence the ECG signals, the model used for the genesis of the ECG will also be briefly described. The primary source used for the MCG and for the ECG is assumed to be identical, that is, the uniform double-layer model. The required activation function specifying the depolarization sequence at the ventricular surface is derived from the inverse procedure applied to measured ECGs.
Materials and Methods The Primary Source Model
The primary source used in the present study is the uniform double-layer model,9 which is, at any given time instant (t) within the depolarization phase, a uniform current dipole surface density, the location of which coincides with the boundary between the activated part of the ventricles and the remainder. This classical model10 has been used either implicit-ly1l-13 or explicitly6J4 in several simulation studies of the ECG.
It can be shown that a completely equivalent source description can be formulated in which this "actual" double layer is replaced by a "virtual" double layer (of opposite strength) situated at the closed surface bordering the ventricles (Sh). For the electric potentials, this equivalence stems from.the standard solid-angle theory.9 15 For the magnetic field, this equivalence was formulated by Rush.2 In the absence of secondary sources, that is, in a homogeneous volume conductor of infinite extent, the electric potential ( at an observation point r' is -VD ( (1) where Sd is the depolarized part of Sh, VD jS the double layer strength, r is a point on Sh, and R is -r>'-r of length R.
->Note that the multiplication of the vectors R and dS is the scalar product. The value of VD used is 40 mV, as derived from the analysis of invasive measurements.9
The magnetic field generated by this primary source is -> ->, -ILSVD RxdS(r) B(r )= 47> (2) where B is the magnetic induction, a, is the conductivity of the source region, and ,u is the magnetic permeability of the medium (approximately that in vaquo).
Note that, in contrast to Equation 1, the multiplication of the vectors R and dS is the vector product. The value of o-, was put at 0.2 siemen.m-1.
The Secondary Sources
The volume conductor effects on the electric potential distribution and on the magnetic field can be expressed in terms of so-called ''secondary sources." These are situated at those interfaces between the various body tissues at which the electric conductivity has a pronounced discontinuity. The major interface in that respect is the torso boundary, where the conductivity drops to zero. Other discontinuities that have been shown to have a pronounced effect6,13'14 are the lungs (fivefold lower conductivity relative to that of the "overall" thorax) and the ventricular cavities (threefold higher conductivity). All these effects have been incorporated in our volume conductor model, in which the relevant geometry of the interfaces has been derived from magnetic resonance imaging of the three healthy men, aged 40-50 years, included in our study.6'7 The effect of these inhomogeneities on the potentials has been computed by using the formulation in terms of a set of integral equations as introduced by Smythe. 16 Accordingly, the potentials at all of the inhomogeneity interfaces, and hence also at the torso surface, are found from the solution of the set of equations
where Uk is (O k + ok) *2 (where Uk is the conductivity just inside Sk and ok+ is the conductivity just outside Sk), Kk,l is (ol --cor) . uk, or is an observation point on interface k, r is a point on interface S,, R is r'-r of length R, and S, is the interface bounding compartment 1.
As is apparent from Equation 3, the electrical potential is a summation of the weighted potentials due to the primary source and those of the secondary sources at the interfaces, which represent the volume conduction effects. The numerical handling of this set of equations as well as the resulting accuracy has been documented extensively in the literature. 5, 6, [17] [18] [19] The magnetic field [magnetic inductance B(r')] can be similarly expressed as a summation of the field resulting from the primary sources and the field associated with the secondary sources: B r )B,(r')-o j 6 r -)Ior)Rd (4) This expression has been formulated by Geselowitz20 and has been used before in several simulation studies of the MCG. 21, 22 The numerical handling of this expression has been carried out by representing the involved surfaces by small triangular elements, as done in the ECG work, and by computing the vector products over the elementary triangles by using a bilinear approximation of the function to be integrated over the surface elements. These elements have been refined iteratively until stable solutions to Equation 4 were observed. The final values used included a Richardson extrapolation step. 17, 23 As shown in Equation 4, the total magnetic field is a summation of the primary field and the contribution of the secondary sources. Note that the secondary sources to the magnetic field depend on the electrical potential (, which is determined by the volume currents in the medium, and hence, the magnetic field can only be computed after solving the set of equations implied in Equation 3 . In our present study, the potentials are identical to the ones computed and used earlier in our ECG work. In these computations, conductivity values of 0.6, 0.04, and 0.2 siemens.m`for the ventricular cavities, the lungs, and the remaining part of the torso (including the ventricular walls), respectively, have been used.5-8
The Genesis of the ECG During depolarization, the part Sd of the ventricular surface Sh continuously changes in time, hence Sd=Sd(t). The depolarized surface Sd, which is very small initially, spreads out over Sh, and at the end of depolarization it coincides with Sh, which is a closed surface in three-dimensional space. At that stage, because of the nature of the uniform double layer, 9'15 the potentials generated in the medium outside the heart, and hence also at the torso surface, are zero, as required. Inclusion of this time dependency of the source term in Equation 3 leads to the computation of time-dependent ECGs at the torso surface. Since the shaping of the potentials by the volume conductor effects as specified by Equation 3 is a linear operation, the genesis of the ECG (QRS interval only) based on our model can be expressed5-7,15 as V(p,t)= f Av(p q)H[t-r(q)]dS(q) (5) Sh where V(p,t) is the potential at time t within the QRS interval at torso point p, Av(p,q) represents the transfer from elementary double layer sources dS(q) at the ventricular surface Sh to torso points p, -(q) is the local depolarization time at q, and H is the Heaviside step function, which switches on the elementary sources at dS(-q) from r(q) onward.
The Computation of MCG Waveforms
The MCG waveforms have been computed by assuming that the uniform double-layer sources are the only primary sources. Accordingly, the primary source has been computed from Equation 2 with Sd=Sd(t), whereas the potentials, as required for the computation of the secondary sources, are the same as the ones computed for the ECG (Equations 1, 3, and 5). As a consequence of the assumption regard-ing the source, the genesis of the MCG (during QRS) can be expressed as
B(p,t)= I Ap)H[t-7(>)]dS(>) Sh
The function AB(p,q) represents the total (primary and secondary) effect of the primary source at dS(q), once depolarized, to the magnetic inductance at observation point p outside the torso. The doublelayer strength was put at 40 mV, as was the case in the ECG work.
A complication stems from the fact that observed magnetic data are components of a vector field. Hence, the particular component considered has to be specified. In the results presented, the data represent the output of a second-order gradiometer24 positioned orthogonally to a plane parallel to the chest. The diameter of the pick-up coils is 2.9 cm; the distance between successive coils of the gradiometer used is 6 cm.
The gradiometer is positioned at 5 x5 grid points, which are spaced 6 cm apart; the center of the grid lies just over the position of lead V2 of the standard 12-lead ECG system. A local refinement of this grid at the region directly overlying the heart has been included. These extra points are indicted by the heavy dots in Figure 1 , which represents a frontal and a left sagittal view of the involved geometry.
For each of the coils at each of the field points, a mean value of the magnetic transfer function over the coil (AB) has been computed using numerical integration. The contribution to the gradiometer output at gradiometer position p by element dS(q), which is a linear combination of AB(~iM) at the individual coils, can be expressed as AGf(,q)=AB414,q)-2AB(f24) +AB3,q)
The subindex denotes each of the three coils of the gradiometer. The MCG, that is, the gradiometer output [G(p,t)], can be expressed as GU 20 pT 100 ms The activation functions r(j) have been computed for each subject by using an inverse procedure applied to potential measurements. This procedure essentially computes r(4) from a least-squares fit applied to Equation 5 . It incorporates the surface Laplacian, applied to r(4), to ensure stable solutions. Details of this procedure as well as the computed activation functions are shown in Figures 6, 8 , and 10 of Reference 7.
MCG Measurements
MCG signals have been recorded at the Biomagnetism Center of the University of Twente for the three subjects in our study in all of the grid points indicated in Figure 1 . The position of standard ECG lead V2 served as a reference to position the center of the grid with respect to the individual torso geometry. A second-order gradiometer coupled to a SQUID magnetometer system was positioned sequentially at each of the grid points. A single ECG lead (lead II) was recorded continuously and served in a subsequent off-line time realignment procedure. The parameters of the gradiometer are as specified in the section dealing with the MCG simulations. The analog signals were converted to digital data and stored in a computer file. The postprocessing procedure consisted of time realignment, a linear baseline correction, and a timecoherent averaging over the 1-minute recordings stored. These recordings were performed in a magnetically and electrically shielded room.
Results
The QRS waveforms of the MCGs, observed at the coarse grid, of the three subjects studied are shown in Figure 2 . These demonstrate the large interindividual variability in normals as presented in the standard literature. 24 In Figure 3 , the dashed lines represent the computed waveforms for one of the subjects at the grid points indicated by the heavy dots in Figure  1 . The solid lines represent the waveforms measured on the same subject. No fitting procedure of any kind was applied to the data. The root mean square value of the difference6 between simulated and observed waveforms, expressed as a fraction of the root mean square value of the observed data, as computed over all these signals, is 0.30. When computed over all 33 observation points, this value is 0.37. The corresponding values of this relative root mean square difference for the other two subjects are 0.31 and 0.48.
The quality of these simulations has prompted us to use the model to study the importance of the volume conductor effects (secondary sources) on the observed MCG signals. To this end, MCG waveforms have been computed based on the source term (Equation 2) only. The results are shown in Figure 4 for one subject. The solid lines represent the measured data, the dashed lines represent the waveforms simulated, including the secondary sources, and the dotted lines relate to the source term only. The relative differences, computed over all grid points shown in Figure 1 , are 0.31 for the inhomogeneous case and 0.68 for the field produced by the source term only, which is equivalent to considering the medium as being of infinite size and as having a homogeneous electrical conductivity.
Only magnetic field components normal to a plane (parallel to the anterior thorax) are considered; thus, the computed magnetic field due to the source term is exactly the same as the total magnetic field generated by these sources in a semi-infinite space, because of the fact that, in that situation, the contribution of the secondary sources to the total field component considered is zero. Discussion
In spite of the large interindividual variability of the MCG signals, the model was found to be able to simulate waveforms that closely resemble the observed data for each of the individuals studied. It should be stressed that the simulated MCG waveforms were computed before the measurements and that no scaling (aimed at improving the fit) of any kind was applied. In all three cases, the general nature of the waveforms was found to correspond well with the observed waveforms, and their magnitudes were very close. As can be seen in Figure 2 , large differences exist between the waveforms recorded at neighboring points of the coarse grid. This has prompted us to also use the local refinement of the grid (see Figure 1 ), the MCGs of which are displayed in Figures 3 and 5 .
In retrospect, the positioning of the MCG grid relative to the position of lead V2 was less accurate than had been the case in the ECG and geometry measurements that served to compute r(q). The latter measurements had been taken about 5 years before the new MCG measurements. Small changes in the relevant geometry may easily have taken place in the meantime (due to middle-age spread?). Anmeasured ------source & second source only T20 pT tocardiographic waveforms and waveforns simulated using an unregularized activation sequence for one subject (WW in Figure 2 ) in the central, refined grid.
ms
other, probably more important, source of possible error is the fact that the plane of measurement of the MCG grid could not be defined accurately with respect to the previously measured geometry of the thorax. A slight tilt error of this plane with respect to the torso geometry could not be ruled out. The distance between the gradiometer coil closest to the torso surface at the position of lead V2 was the sole calibration point. This may be the reason for the relatively poor correspondence between observed and simulated magnitudes at the outermost grid points. In view of all these factors, the quality of the simulations is high.
The computed activation functions r(q-) were found after minimizing the difference between simulated and observed ECG waveforms.7 That these functions, when used in one and the same model, also produce small residual errors for the magnetic signals is by no means a trivial result demanded by the laws governing electromagnetic fields. This can be demonstrated in the following manner. In the article7 describing the inverse procedure that we used, it is shown that physiologically unacceptable activation functions r(4) may be computed, in the same model, resulting in a much smaller relative relative residual error for the ECG (Figures 4 and 5 of Reference 7). In the present study, we have also computed the MCG waveforms resulting from this so-called unregularized solution r(q). The results are shown in Figure 5 . The solid lines represent the measured values; the dashed lines, the simulations based on the unregularized r(4).
These results should be compared with the ones shown in Figure 3 . The quality of the correspondence shown in Figure 5 is much poorer. The relative residual, computed over all 33 grid points, was 0.50. The results of the present study provide new support for the effectiveness of the source model used (the uniform double layer), for the value of its strength (40 mV), and for the power of the inhomogeneous, tailored geometry describing the volume conductor. This primary source model is based on an assumption of normal heart tissue. As such, it might seem to be restricted to describing the normal heart or conduction defects. However, as shown by Holland and Arnsdorf,25 the application may be stretched to other kinds of cardiac malfunctioning.
The above conclusion is an interesting "aside" resulting from the present study. The main point, however, is the fact that MCG waveforms have been computed from measured geometry and measured ECG data. This demonstrates a strong interdependence of ECG and MCG. Hence, the predictions implied in the earlier work of Rush2 and Plonsey4 have been confirmed. Should there indeed be magnetic sources that are electrically silent, the possibility of which is discussed by Roth and Wikswo,26 their contribution to the MCG signals during depolarization in normals can only be marginal.
The results shown in Figure 4 demonstrate that the genesis of the MCG is effected by the various torso inhomogeneities considered. Hence, the belief that the MCG is dominated by the contributions of the source term only is, unfortunately, unfounded. This conclusion has been reached previously in simulation studies,21'22 but judging from the large investments that industry is making at present in the manufacturing of multichannel MCG equipment, these conclusions do not seem to have had a great impact.
